ADG $7777 NO 4 - -FY516

PROJECT SER RO,

FORMATION OF ALKALI IRON SULFATES
AND OTHER COMPOUNDS CAUSING CORROSION
IN BOILERS AND GAS TURBINES

FIRST SUMMARY REPORT

July 1, 1966 —~ December 31, 1966

AMERICAN SOCIETY OF MECHANICAL ENGINEERS

Research Committee On Corrosion And
Deposits From Combustion Gases

Prepared by
BATTELLE MEMORIAL INSTITUTE
Columbus Laboratories

BRI (0PY




FOREWORD

This Summary, like those preceding it that reporied on
thermochemical reactions, is divided into two parts. The first
part, the GENERAL REVIEW section, describes only the essen-
tialresults of this six months of work. It is not burdened with the
many considerations and arguments concerned with carrying on
the experimental work. Rather, it highlights the most important
findings of the research and is intended for those who need only
a broad picture of what has been done. The second part, the
TECHNICAL DETAILS section, describes the experimental work
in detail. It is provided for those seeking specific information on
experimental methods, analytical procedures, test data, calculo
tions, assumptions, and the like. Although the entire picture can
be seen only by reading both parts, the first section can be con-
sidered to contain the main substance of this report.
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The American Soclety of Mechanical Engineers

United Engineering Center / 348 E. 47th 8t, New York, N.Y. 10017 / 212 PL 2-6800

ASME Research Committee on Corrosion and Deposits
From Combustion Gases

Enclosed is a copy of the First Summary Report oi the study of
"Formation of Alkali Iron Sulfates and Other Compcunds Causing Cor-
rosion in Boilers and Gas Turbines." This report covers work performeg
from July 1, 1966 to December 31, 1966. It is sent to you in recognition
of your support of the Committee's work.

It is believed that progress has been made in this study. Sulfates
have been successfully formed in the laboratory under flue gas conditions,
and it has been demonstrated that SO; concentrations much higher than
measured in the bulk gas stream exist adjacent to surfaces such as are
found in gas passages.

The work planned for the next six months is outlined in the report,
and another report will be sent to you in July, 1967.

Please do not hesitate to contact me if you have any questions or
suggestions concerning the report.

Very truly yours,
gm?L C.VM

George C. Wiedersum
Chairman

Encl.
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First Summary Report

on

FORMATION OF ALKALI IRON SULFATES
AND OTHER COMPOUNDS CAUSING CORROSION

IN BOILERS AND GAS TURBINES

Sulfates, formed by the inte.action of
S0, SO;, and Oy in flue gas with alka-
lies from the fuel and iron oxides are
invariably found in corrosion areas. Al-
kali sulfates, such as N«.SO,, are formed
rapidly. 1Iron sulfates, both PFeSO, and
Fey(S04)3, can also occur, althcugh the
thermodynamics are unfavorable in a low-
S0, atmosphere. Alkeli sulfates and iron
sulfates can react to form alkali iron
trisulfates, for example Na;Fe(SO,);.
These are highly corrosive but their for-
mation also requires more SO; than 1is
found in bulk flue gas. Recent work has
shown that the high S0, level needed to
produce these complex sulfates can be
provided by catalysis at surfaces, even
though tie SOy is too low in the bulk gss
stream. Siudies reported here show quan-
titatively that the SO- concentration im-
mediately next to an Fe;0, surface can be
many times higher than in the bulk stream
of gas, and can be ample to provide the
SO; necessary to form the trisulfates.

GENERAL REVIEW

by

Willfax= T. Reid

Although it has been known for nearly 25 years that the slkali iron
trisulfates are {avolved in the corrosion of heat-receiving surfaces in boiler
furnaces, the exact wmechanism by which these objectionable compounds are formed
or vhat their exsct role in ccrrosion may be has never beea adequately explained.
What has beeu learned essertially over those years is that sodium and potassiun,
separately or in combination, react with ircn cxides and sulfur oxides to produce
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compounds of the type NajFe(SO.)3;. The iron oxides can be supplied at the ex-
pense of the parent metal, or they may come from the iron oxides present in
coal ash,

It has also been known for many years that this reaction occurs only
beneath layers of ash or slag. Exposed surfaces, such as bare superheater ele-
ments, are not subject to severe wastage, whereas metal loss beneath ash deposits
can be so severe in the worst cases as to cause outages within a few months. It
has been evident further that the overlying layer of ash or slag does not contri-
bute directly to metal locs. At the temperatures involved, usually about 1100 F,
coal ash is chemically inert, as is oil ash except for the special case of liquid
fuels high in vanadium. The lowest-melting constituent provided by fuel ash, ex-
cepting vanadium compounds, is Nay;SO, with a melting point of 1630 F. A solid
solution of 3N&,50,°K,S0, melts at 153C F, but even this is about 400 F higher
than the maximum metal temperature of superheater elements that have experienced
corrosion. Because reactions between solids are alumost invariably extremely slow,
there is no indication that solid NaxSO, leals directly to metal wastage. The
trisulfates, however, are molten at temperatures over 1160 F depending on the SO,
evailable to keep these compounds stabilized. It is evident, then, that the tri-
sulfates can produce the environment leading to rapid loss of metal.

Even though these points have been made many times by numerous investi-
gators, the exact procedure by which the trisulfates are produced has not been
demonstrated. lany workers have speculated on the reaction sequence, but as yet
no one has demonstrated conclusively exactly what occurs on the supcrheater ele-
ments of a boiler furnace that leads to the trisulfates and thereby to metal
wastage. Providing that knowledge will show precisely what steps can be reason-
ably tsken to break the reaction sequence. Lacking that knowledge will lead only
to continued speculation and costly cut-and-try experimentation in operating
boiler furnaces.

The first four years of research at Battelle for the ASME Committee on
Corrosion and Deposits frowm Combustion Gases investigated intensively the thermo-
chemical rcactions leading to SO, in furnace gases, on the basis that sulfates
were inextricably tied up with most corrosion processes, and that the trisulfates
require a level of SO, in the order of 250 ppm for their existence at 1100 F.
At the end of that research, the next logical step was to investigate reactions
involving surfaces. The new piogram along those lines was begun in July, 1966,
wlth the objective of investigating "---the intc¢ractions between such solids as
Fe, (Fe0O) Fe,0,, and Fey03 and such gases as Oy, SO;, and SO, in the presence of
alkalies and other ash constituents'. A further objective was to investigate
physical factors occurring within deposits that lead to the formation of
trisulfates.

This is the first report on that new program, covering the first six
wonths of work, It {s an interim report because the questions raised here can
be answered only after a great deal of intensive research. However, an important
findirg during this neriod has shown quantitatively the large d{fference in SO,
concentration near a surface compared with the SO; found in the bulk stream of
gas passing over that surface. These data constitute an icportant step in pro-
viding gquantitative measurements to explain how corrosion takes place.
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As with earlier reports, this one is organized by sections cover.ng
specific ports of the overall study - surface investigations, fuel-burning fur-
nace studies, and the mechanism of corrnsion. The corwmon objective of all three
sections is the same - only the means of achieving those objectives experimen-
tally and analytically is different.

RESEARCH ACCOMPLISHMENTS
OVER THE PAST SIX MONTHS

The present laboratory investigation nas proceeded much along the same
general lines as the earlier work, except that emphasis has been shifted from
gas-phase reactions to reactions in which solids are involved - specifically sur-
faces representing idealized parts of a corrosion systez. New experimental
techniques have been developed in some cases, and others are beinz devised.

Surface Investigations

When the trisulfates were first identified as a major factor in metal
wastage, it was found also that these compounds would not form unless at least
25C ppr« SO; was present at metal temperatures of 1100 F or higher. However, be-
cause norrial flue gas contains only about a tenth this much $0,, the difference
has been attributed to catalysis. Gross effecis of catalysis have been demon-
strated frequently, but vhat has been lacking is an exac* understanding of tae
conditions affecting these surface reactions - the broad objectives of the pres-
ent Battelle work.

Quantitative measurements have now been maie of some o/ the factors
leading to high SO, levels at surfaces. The data demons:rate, for the low gas
velocity of just under one inch per second used {n these experiments, that the
SO; in the boundarv layer can be as much as 3C times grecter than in the main
body of gas flowing over the surface. This SO, concentration can be high enough
that the trisulfates will be stable.

Some of t..e test data reported in the Technical Details section show
that no such increase i{n SO; occurs when NaOH is added to an otherwise catalytic
surface of Fe,0;. Two prexises ave possibie: (1) that the alkali destroys the
catalytic capabilities of Fe;0,, or (2) that the alkali is capturing SO, as rap-
idly as the SO, is {orred. Ulhen Na;S504 rather than NaOH is added to Fe0,, 2n
inciease occnrs in SO, nex: to the surface, suggesting that the second premise
is correct.

Other tests have demonstrated the difference in catalytic ability of
Fe,0, compared vith Fey0,, vhere Fe O, i{s again shown to be relatively noncata-
lytic. Essentially no gain in SO, occurred near the boundary layer wvhen the
surface consisted of Fe,y0,.
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With FeSO, apriied initially to zhe surface, over 2000 ppm 50, was
fourd ister immediately next to the surface. A complicated situation exists
dere that will wve investigated in ncre detail later.

The catalytic activity of vanadium as V,0s or as crushed commercial
catalyst containing 11 percent V,0s was shown to be appreciazbly less than Fez0,.

Othe: surface studies are being carried out with radicactive 5%,
Their objective is to isolate the effects of SO, from 50;, so that the relative
importance of these two forms of sulfur can be assessed as far as corrosicn is
concerned. The first work in this field was done in England in 1954. Sirce
then, no one seems to have used $%® {n this way, although it has obvious advan-
tagee for follsuing sulfur reactions. An AEC-approved test set-up has been as-
sembled and preliminary _ tests have been made. Some trouble has been wxperienced
in getting the proper S" 03 supply from gommercial sources, but a new shipment
is on order,

A quantity of relatively pure NazFe(S04)3 wes made at Battelle to per-
mit measureuent of optical properties, X-ray diffraction patterrn, and chemical
characteristics. These properties will be helpful as a scandard for later phases

of the project where extremely small quantities of the trisulfate must be identi-
fied in test samples.

Fuel-Burning Furnace Studies

This phase has continued as an intermediate step between the chemical
laboratory and a full-scale boiler furnace. Over the past six months, the fuel-
burning frrnace has been used mainly to evaluate conditions in an actval flue-gas
atmosphere leading to the formation of sulfates and trisulfates.

For reasons of ec.onowy, tests in the fuel-burning furnace generally
have been limited to a single shift, giving test periods at operating conditions
of somewhat more than five hours. Equilibrium thermal conditione are established
rapidly in the furnace, and surfaces usually come to a stable condition, as noted
by changes in the SO; in tne flue gas, within two to three hours. Nevertheless,
in such & short test period, only extremely small quantities of solid products
may be formed on the specimens. Usually these are too little to be checked by
X-ray diffractfon with its limit of 5 percent trisulfate in the sample for posi-
tive identification. Hence the tests that have been made to check conditions
leading to the trisulfates have not been conclusive. When many such specimens
had been accumulated, attempts were made to refine the detection method, leading
to the use of pH-indicating paper to produce a "pH nrint" of the specimen.

In this procedure, a strin of pH-indicating paper with a range of
pH 1.0 to pH 2.5 is wrapped tightly around a specimen tube and fastened at the
end® with nasling tape. The specimen is then placed in a high-humidity environ-
mer. so that the pH paper becomes slightly damp. Under these ccnditions, such
substances as FeSO,, Fe3(S504)s, and NajFe(SC4); and K3Fe(SO4); hydrolyze to re-
lease H;S04 which then changes the color of the paper. By using just the right
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amount of dampness, a sharply defined spot of color is obtained precisely over
the specimen where the hydrolyzable sulfate had been. Distinct color patterns
nave been obtained in this way for quantiticl of iron sulfates or trisulfates
f:r tco small to be detected by X-ray diffraction.

Although the nH paper cannot distinguish between iron sulfates and tri-
sulfates, it shows the presence of substances that may be closely related to cor-
rosion, and it provides a mesns of evaluating specimens after quite short test
periods. Two series of tests where spacimens were coated with differeht mixtures
showed in every case a >H of 1.5 or less when alkali sulfates were added initially,
and only 3.5 when they were absent. Pure FeSO,, Pe3(50.)s, and NazFe(S0,); all
give a pH of 1.0 under similar print-cut conditions, pointing strongly to these
compounds as the scurce of color in the2 pH print. And, since alkali sulfates
were not present in the one series of tests where tke pH was 3.5, it can be in-
ferred that the trisulfate could have been formed in the other series where al-
kali sulfate was available because the pH then was 1.5 or less.

The form in which the alkaliss is present must ba important, for, in
another test series with synthetic fly ash containing alkalies added as NayCOs;,
no such low pH was observed.

Using the pH print scheme to check the surface of superheater elements
during cutages may be helpful in locating areas where corrosion may be occurring.
It would only be necessary to chip off adhering ash deposits, hold the properly
dampened pH paper tightly against the tube for a minute or two, and read the
color change directly.

Another detection method has been tried whereby the fcrmation of a
liquid melt around the ends of two dissimilar metals separated a short distance
produces a "battery" which provic2s easily measurable voltage. Two preliminary
models tried have been too crude to decide whether the system has merit, but both
showed an abrupt rise in voltage at 1000 F to 1050 F when the cell was heated
gradually with S0; present and a mixture of NapS0,, Ki504, and FepC; surrounding
the separated junction of the two metals. This suggests strongly that a liquid
phase was formed to act as a molten-salt electrolyte. In additicn, a pH print
showed a pH of 1.0 for this material. It is likely that this salt was
NasFe(S04)3.

The Technical Details section recounts many tests which at first ap-
peared to ve of doubtful value in assessing conditions to form the trisulfaies,
but which were shown later by pH prints to be more meaningful. Limitations of
these two detection methods are not yet well defined, but both the pH paper and
the electrochemical cell show promise in evaluating later tests.

Other tests made during this period measured the catalytic character-
istics of various fly ashes. Such data are needed to answer questions related to
the formation of sulfates and trisulfates beneath layers of ash. It was found
that no simple relation existed between the cataiytic behavior of fly ash and its
iron content expressed as Fejy0, or the amount of alkalies it contained. Rather,
it was concluded that surface conditions, particle size, distribution of ash con-
stituents, and particularly the manner in which iron oxides had been complexed by
heating with other ash minerals all would affect fly-ash catalysis.
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Hechanish of Co;tbsibn

Corrosion as a result of electrochemical reactions involving a molten
electrolyte and a cathode and an anode within a tube surface has been reviewed
critically during recent months. Considerable work has been done in other fields

‘where melts are highly ionized that explain corrosion reactions adequately. Al-
‘though the situation in boiler furnaces is more complex because conditions cannot
 be well defined, the concept of electrochemical attack is worth more attention.

Along these lines, a probe for detecting corrosion conditions using a
different principle from the one now being tried at Battelle has been constructed
and tested in Germany. _

THE NEXT STEPS

Based on the results summarized here, work for the next six months will

be directed toward:

l. Positive ideatification of sulfur compounds. Optical methods,
pH printing, X-ray diffraction, and IR absorption will be used
to differentiate as accurately as possible among FeSO,,
Fe;(S04);, and Na;Fe(SO,.); as formed in deposits. Teamed with
conventional chemical analyses for sulfate ion, it is expected
that procedures can be developed to show the occurrence of
these three compounds. High detection sensitivity will be
sought, that the test duration can be as short as possible.

2. Effect of flow conditions on formation of SO;. Geometry of
the catalytic surface, its arrangement with respect to the
gas flow pattern, the effect of laminar and turbulent flow,
and the influence of temperature need to be evaluated in
measuring the SO; profile over catalytic surfaces. Data are
needed covering a wide range of Reynolds numbers.

3. Reiative importance of S0z and SO in corrosion mechanisu.

Tests with Sd°03 will be made to learn whether SC; uwust be
available to form iron sulfates and the trisulfates, or
whether SO, 1is capable of forming intermediate compcunds
which are then oxidizable to the corrosive form,

4. Formation of trisulfates associated with deposits. Additional
effort needs tc be spent establishing a test procedure whereby
trisulfates associated with ash deposits can be formed reli-
ably. Thin slabs ot coal ash will be prepared to cover the
surface of a simulated superheater surface. By conirolling
diffusion thicugh such a slab, or by fixed dimensions of voids
or cracks, enough flue gas may enter the space between metal
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and ash to lead tc formation of the trisulfate. The sensi-
tive detectors of reaction products expected to be &vailable
make such tests appear feasible. Duration of the test re-
quired to give measurable results will not be known until
prelininary tests are completed.

Corrosion detector. As time is avaiiable, the electrochemi-
cal corrosion indicator will be tested further to learn its
limitations. Possibly a "one-shot' device, it will be inter-
esting to learn if the cell shows initial voltage output
when a liquid phase is first produced between the electrodes,
and if prolonged exposure under noncorrosive conditions at
the same temperature reduces the output voltage to zero.

Profilometer measurements. Extremely small changes in sur-
face roughness can be detected with a profilometer. To de-
termine if this instrument can detect metal loss caused by
corrosion in a surface originally electropolished, a few
tests are planned with parts of metal specimens heated in
contact with various substances, for example alkali iron tri-
sulfate and mixtures of NaySO, and Fe;0; in a flue-gas atmos-
phere containing SO;. If the results are promising, the pro-
filometer might be useful for measuring metal loss quantita-
tively over periods of only a few hours.

Mechanism of corrosion. Current literature on corrosion and
deposits will continue to be reviewed criticaily in the
search for new concepts.




SURFACE INVESTIGATIONS

by
A. Levy and H. H. Krause

Earlier studies on this prograi showed consistently that from 1 to 2
percent of the sulfur in fuel will be convertud to SO, ducing cowbustion, the
rest going only to SOz. This finding in itself m.ight be considered somewhat
trivial except that it points up many important, unanawered questions on the for-
mation of deposits on boiler tubes. Under usual coal- and cil-buruing conditions,
the SO, level leaving the combustion zone is 2000 to 3000 ppm and the S0 level
is about 30 to 40 ppm. It has been shown that all of this SO; can be produced in
the homogeneous combustion zone. It is equally recognized, however, that SU; can
be produced catalytically when SO, and O, are in contact with ferric oxide. The
dilemmz then is, if all the SO; found in flue gases is produced in the combustion
zone, what occurs between the furnace and the stack when the combustion gaces are
in contact with the surfaces of the superheater elements, economizer tubes, and
the air heaters?

The surface investigations being made here are aimed at determining the
answer to this question. More specifically, the surface investigations hope to
explain what reactions occur between SO, Sui, Oz, and iron surfaces - the types
of reactions, the order of the reactions, and the mechanisms leading to the for-
mation of the simple alkali and iron sulfates and the complex alkali iron trisul-
fates. Recognizing that these simple and complex sulfates hold the answer to the
corrosicn and deposit problem, special attention to them is warranted.

Earlier work at Battelle defined the conditions under which SO, is
formed in the bulk gas phase. With that background informatjion, the investiga-
tion can now proceed to the special case of reactions occurring on surfaces.

INSTABILITY OF THE JRON SULFATES AND THE TRISULFATES

One of the knottiest problems being faced in the study of surfaces {:c
connected with the instability of {ron sulfates and the trisulfates in bofiler-
furnace atmospheres. This instability is important because it determines the
likelihood of the compound being formed, and, once formed, of remaining active.
A typical reaction,

Fea0; + 350; = Feg(SO¢), »

will proceed in one direction or the other depending upon the amount of SO,
available and the temperature. Alwmost no data are available in the literature
showing how the anount of SO; in equilibrium with these compounds changes with
change in temperature. 1Indeed, there are only limited data showing the amount
of S0; recuired in the surrounding atmosphere to allow these compounds to form,
or convers:ly, to prevent them dissociating once they are formed.

L
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Thermodynamic calculations have been made recently at Battelle® of the
thermal decomposition of PeSO, and Pe3(S04)s to form SO;, neglecting the forma-
tion of SO; and Og. Table 1 summarizes these calculations for the SO, partial
pressure above FeSO, and Pe3(S0,); at different temperatures.

TABLE 1. CALCULATED PARTIAL PRB%S?RB OF
SOs OVER IRON SUL'ATES'®

Tem erature, $0,,

£00 - 60
900 - 700
1000 <10 5,000
1100 15 35,000
1200 90 >10%
1300 700 -

1400 3800 -

e e ———
(a) Neglecting the reaction SOy = SO, + ¥O;

It is evident, at least theoretically, that ample SOy is available in
the bulk flue gas stream to form FeSO, at temperatures between 1100 F and 1200 F.
Contrariwise, 5000 ppm SO, is necessary if Fey(SO¢); is to form even at tempera-
tures as lov as 1000 7; the concentrations of SO, needed at higher temperatures
are even greater.

An "apparent partial pressure" of 23,000 ppm SO, over Fey(S0,.), at
1161 F can be calculated based on Anderson'a(ls studies, while a dissociation
pressure of 35,00C ppm at this same temperature can be calculated from Warner
and In;reham's(2) work. Recognizing that SO4 dissociation is not taken into ac-
count, it 18 siiil apparent that large quantities of SOy are necessary to stabil-
ize Pe;(S0,), at temperatures over 1000 F. Corey snd his coworkers(3) showed
that 10,00C ppm SO; was necessary at 1000 F to form Fey(504),, somewhat more
than the calculated value, but still in the same general range. The only pub-
lished data on dissociation of the trisulfate are those reported by Corey, show-
ing that 250 ppn SO, is necessary at 1100 F to form either sodium or potassium
iron trisulfate,

Based only on therwodynamic principles, it is expected, then, that FeSO,
ie most likely to form under furnace conditions, that the trisulfates can be pro-
duced if the SO, is moderat:ly high, and that there {s litcle likelihood for
Fe;(S04); to exist except under the most unusual conditions.

It cust be emphasized that these conclusions are bascd on 2 max!'um of
suppositions and a minimum of facts. The experimental program now under way at
Battelle is intended to put this on firmer ground, on the basis that to control
corrosion will require a complete understanding of how such compounds are formed.

* Dr. J. J. Hard, listerials Thermodynamics Division
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503 CONCENTRATION GRADIENTS

The study of surface reactions is considered important to this program
because the concentration of S0; is not high enough, nor can it become high enough
in typical boiler flue gases to explain the formation or stability of ferric sul-
fate or the complex alkali iron sulfates found presently on superheaters, or many
years ago, on wall tubes. As has been pointed out in earlier basic studies, both
iron sulfates are unstable at 1200 F. Based on available thermodynamic data,
FeSO, ic more stable than Fez(SO,);, but even it requires theoretically that
90 ppm S0, be nresent in the surrounding atmosphere at 1200 F. With Fe3(S04),
at this temperature, the calculated equilibrium SO; level is 20 percent. Experi-
mental measurements made by COrey(3) and his coworkere show that NazFe(S04); re-
quires 250 ppm SO, at 1100 F. Under some conditions, then, PeSO, may form with
the SO; present normally in flue gas, but only a moderate increase in temperature
would cause it to dissociate. Hence, to develop a logical mechanism for the for-
mation of the intermediate and final sulfate products, it is necessary to explain
why these "unstable" sulfates are found in corrosion areas.

It is generally recognized that thermodynamic requirements and kinetic
requirements do not necessarily go hand in hand. Thus, it is quite conceivable
that metastable sulfates can exist under certain boiler conditions, especially if
some of the sulfate-deposit products can be built up from beneath an oxide coat-
ing. It is als: recognized that SO; and SO, are strongly adsorbed gases, and as
has been shown over the last few months in laboratory experiments, SO; concentra-
tions immediately next to the surface can be much higher than those in the bulk
gas stream. Experiments have been set up to measure this S0; concentration above
varfous surfaces, as an indication of the conditions that can exist leading to
the formatiun of relatively unstable sulfates.

Apparatus

The experimental apparatus used in this study is a microprobe arranged
for sampling the gas mixture at a carefully measured level above the surface to
be investigated. The ecuipment is shown in Figure 1. The coating material to
be studied is placed on & small Vycor plate 0.6 inch x 1 inch and equilibrated
with the gas streanm by passing the desired gas mixture over it for an hour at
110C F. The flow rate used in these runs is 40 cc/cec, providing a linear velo-
city of C.79 inch per second. Hence the residence time is 1.3 seconds. The gas
stream consists of nitrogen, oxygen, and $O;, humidified by bubbling through
vater. Distance of the probe from the surface is measured by a cathetometer,
with the probe kept in a fixed position and the furnace adjusted upward or down-
vard as required by a micrometer screw arrangement. During sampling through the
uicroprobe, SO, is trapped at C C as H;S0, and SO; is trapped at -196 C. The re-
maining nitrogen and oxygen expand into & measured volume, where the pressure is
observed on a Mcleod gauge. Analysis of the SOy in the gas sample {s deterwined
5y the barium chloranilate method.
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§9§7Profiles Above pe!o, Surfaces

Figure 2 shows the SOy concentration above an Fep0y surface with dif-
ferent amounts of SO; in the gas stream. High levels of SO; were used in these
tests to demonstrate the basic relationships; the same general factors would
apply vith the lower concentrations of SO; found in flue gas. The two curves
vith 6 percent SO, are representative of the reproducibility of the microprobing
technique, differing by only 5 to 10 percent at distances fromn the surface less
than 2.5 mm. At the point of closest approach to the surface, the $0; values
for the three levels of SO; ere almost proportional to the square of the SO; con-
centration, but the value found for 3 percent SO, is too high to fit this relation.
At any rate, these results indicate that near a catalytically active surface the
SO0, concentrution can increase at a significantly greater rate than the S0, con-
centration in the bulk of the gas stream. As the distance from the surface in-
creases, the SO; concentrations converge, and they become approximately equal at
5 mm or 0,2 inch from the surface.
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FIGURE 2. EFFECT OF SO, LEVELS ON THE SC. CONCENTRATION
ABOVE Fe 0, SURFACES AT 1.00 F
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SO; Profiles Above Mixtures Containing Feg0,

Figure 3 shows several profiles over mixtures containing Fe30;. The
SO3 pt.cile above the mixture of Fegs0, and Pe;0( is similar to that above the
oxidized iron surface, suggesting that the oxidized iron surface also consisted
of Peg0; and FesO, as would be expected. Indeed, the reduced catalytic effect
in the profile for oxidized iron as compared with pure Pe30; indicates that there
was Pey0, in the surface. For probe distances near the surface, 0.5 mm and less,
the SOy concentrations with the 50 percent Fe30,-Fe;O, mixture vere almost exactly
half that found for the Pe30, alone. Such a result is in line with the negligible
catalytic activity observed earlier with Fe;O,. At the l-mm probe distance, the
2-to~1 relation almost holds, and from there out to 5 um the SOy values converge.
An SOs value of 50 to 60 ppm has been found frequently at the 5-mm level under
the current experimental conditions. At the center of the tube above the speci-
men, SO; levels normally are 10 to 20 ppm.

Except for aome slightly erratic values at 2.5 and 1 mm, the SO, levels
observed above the Fej0;-NaOH mixture in the proportion to form the trisulfate
were almost constant at 60 ppm. The lack of & y substantial quantity of SO, in
the gas above the surface suggests that if SO; were formed catalytically on the
surface, it never left the surface, and must have reacted immediately with the
NaOH to form Na;SO,.
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FIGURE 3. SC; PROFILES ABC.E NIXTURES CONTAINING Fe,0,
AT 1100 F IN 6 PERCENT SO,

g et - - . e——— e P —




-15-

Addition of NaySO, to the Fe,0, reduced the SO; concentration near the
surface to a tenth of the value for Pe;0, alone, although there was approximately
half as much Fez0; present. These results can mean either that the Na;SO4 has a
"poisoning" effect on the catalytic ability of Fez03, or that ths SOy is being
consumed as by foruing the trisulfate. Analyses of these surfaces have not shown
significant gains in the quantities of sulfate. However rore exteansive examina-
tion and longer runs will be required before a positive conclusion can be reached.

SO3 Profiles Above Fe,O, and FeSO, Surfaces

Figure 4 shows the SO, concentration gradients above Pe;0, and FeSO,.
The relatively low catalytic activity of Fe;O, is well demonstrcted by these data.
The SOy observed may be the result of slight oxidation of the PFe3;0¢ to Fez0; in
the presence of an appreciable excess of oxygen.

Hith FeSO4, the SO, conceantration is the highest obscrved for the mate-
rials studi.d to date. Even though the temperature here was 1100 F, where FeSO,
is thermodyuamically stable in only 15 ppm SO;, some decomposition may have oc-
curred to furnish SO;, and in the presence of cxygen the FeQ could have oxidized
to Fey0;. Hence the SO; concentration observed can be the cumulative resulc of
that formed by FeSO, decomposition and by Fez0; catalysis.

0 1.0 20 30 4.0 3.0
Probe Distance Above Surfece, mm

FIGUXZ 4. SO, PROFILES ABOVE SELECTED OXIDE AKD SULPATE
SURFACES AT [100 F IN 6 PERCENT SO,
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Addition of Nay50, to FeSC4 resulted in a drastic lowering of the §0;
concentration above the surface. The amount of PFeSO, in the mixture was approxi-
wately half that when the FeSO4 was run alone, but the S0; was reduced to one-
eighth the amount for FeSO, at the 0,125 mm position. Concentrations dropped off
even more at greater distances from the surface. This must be the result either
of "poisoning" the otherwise catalytic surface by the Na,SO,, or the reaction of
any SO; so formed to produce a complex sulfate. Analysis of the samples will be
made later to show which of the two cases predominates.

503 Profiles Above Va0g Surfaces

Figure 5 shows the results obtained with two surfaces containing V.0s.
One of these materials, cp-grade V,0g, provad to be a poorer catalyst for SO
formation than was Fez03. This result does not agree with data by Wickert(4§,
whe found V05 to be slightly more catalytic than FeyO; at 1100 F. Because of
this discrepancy, another experiment was run with a crushed commercial catalyst
containing 11 percent V05 on a support of Al205.% A 56 percent increase in S04
concentration near the surface was observed under these test conditions, but

this confirms only that there can be significant differences between V505 catalyst
surfaces,

Va0s5+Al203(Crushed commercial catolyst,
(11%) Harshow V-0802-S§)

V205

0 1.0 2.0 30 4.0 5.0
Probe Distance Above Surface, mm

FIGURE 5. SC3; PROFILES ABOVE SURFACES CONTAINING V.03
AT 1100 F IN 6 PERCENT SO:

* Harshaw v-0202-3-1/3.




Fe :deFe3+ Icns_in Iron Oxide Coatings

Five iron oxide coatings previously exposed to sulfur oxide gases were
analyzed for soluble ferric and ferrous ions in :he coatings. The results are
given in Table 2.

TABLE 2. Fe~' AND Fe®' IONS IN IRON OXIDE COATINGS AFTER
EXPOSURE TO SULFUR-BEARING GASES AT 1110 F

b—— —— 5
Mgs later-
No. Sample Gas liixture FLL FLg’
1 Feso* on Vycor, 17. NaOH Ng‘02"803 007 0-7
2 Fe30, on Vycor, 17 NaOH N3-02-H;0-50, 0.9 0.4
3 Fe; 04 on Vycor, 17 NaOH N2-S03 .7 0.2
4 Fe;04 on Vycor, 3.5% NaOH Hz8-0,-N; flame 1.4 1.6
5 Fe,03 on Fe, 0% NaOH HzS-0,-N; flame 1.5 0.2

R ———— p————— R ——— ————
e ——ry— e e e e

It appears from these data that the water-soluble Fe?* state of iron
is present in equal or larger amounts than water-soluble Fe** in the samples.
This would seem to indicate that more ferrous sulfate may be found in the samples
than ferric sulfate, in agreement with the relative stability of ferrous and fer-
ric sulfate at 1110 F. Increasing the NaOH content appears to have resulted in a
considerable increase in the amount of Fe* found in solution (Sample No. 4);
this in turn might have resulted from the formation of an alkali iron sulfate
such as NajFe(SO4);, but this compound has not been identified in this sample.

Future Work

Additional effort will be spent learning more about the physical fac-
tors influencing SO; profiles, such as gas velocity and temperature. More work
also will be done on the reactions involving Fe;0; and sulfates, in an effort to
determine how the trisulfates form. Some experiments also will be made on the
Vz0g-sulfate systems to shed light on formation of corrosive alkali vanadyl
sulfates.

One way of detecting the influence of various factors on the formation
of corrosive deposits would be to use specimens of superheater alloys in the form
of pclished flat plates. Electvopolishiny or simple mechanical polishing could
produce surfaces with a roughness of, say, 10 microinches rms as measured with a
profilometer. Such specimens, made perhaps an inch square, could then be exposed
to furnace conditions after a small speck of supposedly corrosive material had
been placed on its surface. After the test, another profilometer run would show

i ———a . o T




-13-

whether the surface had changed where the speck had been placed. The specimen
probably would have to be cleaned in an inhibited acid solution to remove physi-
cal traces of the added material and to cemove ordinary scale. Nevertheless, the
profilometer measurement, because it can show quite small differences in height,
should be able to demonstrate quantitatively how various materials behave under
different conditions.

A typical use of such a procedure would be to investigate the effect of
changes in gas velocity over a surface. It has already been shown at Battelle
that a steep concentration gradient occurs in the SO, over a catalytic surface
when SO; end O; flow over that surface. The S0, so produced is ample to form
ferrous sulfates or alkali iron trisulfate at the expense of the iron oxide on
the metal surface. A question yet unanswered is what influence does velocity
have on this reaction? Since diffusion through the boundary layer and the thick-
ness of the boundary layer itself are involved as well as the chemical kinetics,
the problem becomes difficult to solve analytically. It would be relativély
simple, however, to pass mixtures of gases simulating flue gas over polished sur-
faces at different velocities and temperatures. If the profilometer could indeed
measure the amount of metal lost by comparing the exposed surface with a protected
part of the original surface, a powerful tool would be available for determining
quantitatively exactly what was occurring.

For example, the loss of C.1 inch of metal per year by corrosion in an
operating furnace is equivalent to about 11 microinches per hour. Hence, a 5-hour
test at this rate would show a metal loss of 55 microinches, ample to be detected
at the edge of the corroded area by a profilometer. A series of tests investi-
gating a great many variables could be made in a relatively short period. With
the background now accumulated at Battelle on the basic factors leading to corro-
sion, this would seem to be a logical extension for demonstrating under measurable
conditions exactly which factors are important in corrosion and which can be ig-
nored in practice. This same scheme should be useful in operating boilers, where
a partially protected polished specimen could be attached to a controlled-temper-
ature probe and inserted in suspected areas of a superheater circuit. Exposure
of only a day or two might give meaningful and useful results.

RADIOACTIVE TRACER STUDIES

Radioactive sulfur (5°%) is being used in a series of tests to shed
further light on the mechanism by which the alkali iron trisulfates and other
corrosive materials are formed in an environment nornally rich in SO, but
deficient in SO;.

The only previous study in which radio tracers were applied to the prob-
lems of boiler furnaces was that of Fletcher and Gibson,(5 published in 1954.
In their work with Sds, combustion products from the burning of water gas were
nmixed with SO; and Sasoa. This gas mixture was passed over sodium chloride at
temperatures from 572 F (300 C) to 1382 P (750 C). The sodium chloride was con-
verted to sodium sulfate, and because one of the sulfur oxides was radioactive,
it was possible to distinguish their relative participation in the reaction.
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Figure 6 summarizes the results of their research.

Between 572 F (300 C) and

1112 F (600 C) the bulk of the sodium sulfate was formed from sulfur trioxide,
but above 1112 F (600 C), the rate of sulfate formation from sulfur dioxide in-
creased rapidly with temperatur?, while that from sulfur trioxide remained almost

constant.

In experiments in which 2 percent Fez;0, was added to the scdium chlor-

ide, the rate of sulfate formation from sulfur trioxide was unaffected by the
presence of the catalyst, while that from sulfur dioxide was greatly increased.

8

o From SOgl A ' i
@ From SOy, in prmnc/

of Fe,03 )

A From SO3 !
180 |a From SOy, in pres-, —_—
ence of FepO3 /

i00

L3y
o

Sodium Sulfate Formed in One Hour, mg

¢;
500 700 900 100 1300 18500
Temperoture, F

FORMATION OF SODIUL SULFATE
AS OBSERVED BY FLETCHER AND
cisson(3)

FIGURE 6.

The Batte.le program proposes
to go much beyond the Fletcher and Gib-
son study. First of all, Fletcher and
Gibson investigated only the formation
of Na,SO, with NaCl an important part
of their system. Alkali sulfate forma-
tion, as shown by earlier work in this
Buttelle study, is fairly rapid and
direct. Of primary interest in furnace
corrosion is the formation of iron sul-
fates and ultimately the alkali iron
trisulfates. It is the goal of the cur-
rent program to identify these factors,
including differentiating between SO;
and SO; as they enter into the reaction
mechanism.

If the premise can be accepted
that alkali sulfates are produced rapid-
ly in a combustion system, then a mech-
anism must be prouposed whereby the simple
iron sulfates are produced prior to the
formation of the complex alkali iron
sulfates. Although iron sulfates have
been bypassed in some mechanisms pro-
posed by others, the presence of iron
sulfate and sodium sulfate together with
ample SO; can lead directly to alkali
iron trisulfate,

Three general steps may be surmised for the formation of iron sulfates;

1. The sulfidation of iron
3Fe + SO,
4Fe + S0,

2. The cxidation of ironm

Fe "'02

i}

1}

FeS + 2Fe0

FeS + 3Fe0

PeO. Fe304 ’ Fe303

o,




s

3. The sulfation reactions
50,
FeO, Pe30,, FGgOa s*o'; FQSO‘, Feg(so‘)a
803 + w: - 503

It is spparent that by labeling the SO; or the SO, with Sas, either the SO; or
the SO, leading to suifation could be identified, and ultimately it should be
possible to determine the specific steps by which the alkali iron sulfates are
formed.

The low-energy beta radiation (0.167 mev) of s°® 1s particularly suit-
able for this type of research, as safety hazards are winimized. The half-life
of this isotope (86.7 days) also is convenient because it provides a statisti-
cally significant radioactive count over reasonable time periods. The formation
of appreciable quantities of alkali iron trisulfates requires many hours even
under laboratory conditions. Consequently, the ability to follow the progress
of sulfur through the reaction steps in relatively short experiments requires
detection of very small amounts of material. The use of radioactive-tagged sul-
fur makes detection at these levels feasible.

Apparatus and Procedure

Figure 7 shows the apparatus for the $°® tracer studjes. Desired mix-
tures of nitrogen, oxygen, SO, carrier gas, and radioactive 83503 are provided
from gas cylinders with SO; generated by thermel decomposition of sulfuric acid.
This gas mixture is passed over the surfaces to be studied, maintained at 1100 F.
The initial S°° concentration in the gas cylinder is 1 microcurie per liter, thus
providing 2.2 x 10° counts/min for each liter of the gas introduced into the re-
action chamber. The presence of very small amounts of $% in the reacted surface
should be detectable, because the scintillation counter techniques are capable of
detecting 5-10 counts per minute above the natural background of 25-3C counts per
ninute.

The SOy which remains in the gas stream is trapped out as sulfuric acid
at 32 F (0 C) and the amount of SO, is determined by the barium chloranilate
method. The SO; is ebsorbed by reacggon with H,0,; solution in several bubblers,
to prevent escape of any unreacted S from the system.

Experimental Results

Experimental work had barely gotten under way during this report period.
For the initial experiment, conditions used were similar to those employed in the
SO, profile studies and some of the earlier flame work to compare data. The gas
mixture contained 74.3 percent N3, 19.4 percent 0;, and 5.0 percent SO, at a flow
rate of 40 cc/sec. Iron oxide deposited on a Vycor plate (1" x 4") was used as
the catalytic surface, at a temperature of 1100 F. However, no radioactivity was

B e AN - ~ | e — e - -—
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found in the catalytic surface, in the S0y trapped out as HyS0,, or in the unre-
acted SO; absorbed in the HgO, solution. In addition, a filter on the effluent
gas stream showed that no radioactivity was leaving the system, As a conseggence
of these negative results, the cylinder of gas which supposedly contained 5 0;
in nitrogen was checked directly and no radioactivity could be detected in the
gas mixture. The supplier was unable to give any good reason for the lacksof
activity and is making a new shipment. There is a possibility that the s® 03
could have been adsorbed on the container walls; to minimize this possibility,

the new shipment has been requested in a smaller cylinder with only SO, as the
diluent.

Future Work

The S°° tracer work will be resumed as soon as the new supply of 83503
is received. The test procedure then will be that planned earlier, to follow
the course of sulfur in forming the trisulfates and to distinguish the reactions
of SO; from those of SO, in the system.

PREPARATION OF PURE ALKALI IRON TRISULFATES

Although the alkali iron sulfates have been known for many years, they
are not chemical reagents that can be bought from usual laboratory supply houses.
Trisulfates have been made by others in the temperature range of 1000 F tc 1100 F.
The same general procedures also have been used at Battélle to obtain samples for
couparison uvith deposits formed on test specimens. Because there has been sowe
question about the time required for the reactions to take place, in one case
trisulfates were produced by placing a quantity of an Fe;0;-NazS0,-K;50, mixture
in a porcelain boat in an electric muffle f-rnace at 1100 F to 1150 F. A mix-
ture of oxygen and SOz was bled into the muffle and over the boat; the resulting
SO; concentration was not measured, but white fumes could be seen. The mixture
melted within 2 hours, with an x-rey diffraction analysis showiug what oppeared
to be suall quantities of alkali iron trisulfates. The fact that sone trisul-
fate was formed over this short period demonstrates that there i{s no "induction
period" in forming these compounds. The guantity of trisulfate formed will in-
crease with longer tests, suggesting that more sensitive means than X-ray diffrac-
tion for identifying trisulfates would make short-duration tests as meaningful as
long ones.

To obtain a ssmple of relatively pure alkali fron trisulfate for use as
a standard, = small amount was prepared at Battelle. A mixture of Na;SO, (2.13 g),
K,50, (2.61 g), and Fe30, (1.60 g) was placed in a boat and maintained at 1100 F
in an atmosphere of SO,, SO;, and O; for 122 hours. This mixture provided the
stoichiometric mol ration of 1.5:1.5:1.C required for the pure compound. After
being subjected to these conditions for 5 days, the upper half of the mixture,
vhich was in contact with the gas stream, had been converted to a white crystal-
line mass. The lower half of the mixture was brick-red and had a sintered
appearance.
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The white crystalline product when examined by X-ray diffraction was
found to be NajFe(SO.), of rather good purity. Agreement with the standard pat-
tern for the trisulfate was good. All of the lines in the X-ray pattern of the
product appear in the standard, although the standard lists some additional lines.
The X-ray diffraction data for the standard and the sample are shown in Table 3.

TABLE 3. X-RAY DIFFRACTION DATA
FOR Na, Fe(SO‘)a

o PRelative Lines Found In
d,A Intensity Reaction Product
.00 75 X
4.27 2 X
3.9C 40
3.60 20 X
3.18 100 X
3.C4 75 X
2.9 4 X
2.76 15 X
2.64 20
2.56 15
2.39 20 X
2.31 3
2.25 15 X
2.14 3 X
2.03 2C X
1.98 10 X
1.94 i X
1.0 3C X
1.50 15
1.76 4
1.73 10 X
1.63 C X
1.63 10 X
1.5C 20 X
1.54 20 X
1.47 15

Values ol the index oi refraction of. the Ka,Fe(S04), nroduct were
checlked by optical microscopy and found to be close to that recorded in the lit-
erature for Na,Fe(SO.);°3H;0, the mineral "ferrinatrite'". Approximate values of
1.55 and 1.61 were found.for the indicés of the two axes. These are sufficiently
different from those of other components likely to be present that the occurrence
of small amounts of trisulfate wight be detected by microscopic examination.
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Figure 8 compares the infrared
spectrum of the NajFe(SO,), prepared here
with that of other sulfates. If the tri-
sulfate is present in quantities greater
than 5 percent, it should be poesible to
get a clue to its presence from the ab-
sorption band at 7.9 microns, which would
not be masked by the other sulfates.

Tests of this pure trisulfate
with pH paper, using the technique being
tried on specimens, showed a pH of 1 to
1.5. However it was not possibla to dis-
tinguish the trisulfate from ferric sul-
fate on the basis of these pH values
alone.

The red material from the bottom
half of the boat obviously had not under-
gone complete reaction. However, the
infrared spectrum of this rmaterial showed
that a substantial portion had veen con-
verted to the trisulfata. Purther ana-
lytical examination will be carried out
on this product to try to distinguish
the trisulfate from other components of
the partially reacted mixture.




FUEL-BURNING FURNACE STUDIES

by

R. E. Barrett

These fuel-burning furnace studies are intended to bridge the gap be-
tween the fundamental studies of reactions occurring at surfaces, and the appli-
cation of such data to systems more nearly simulating large boilers and gas tur-
bines. Recent work in the fuel-burning furnace has stressed investigation of
the conditions leading to formation of alkali iron trisulfates. It is generally
accepted that alkali fron trisulfates at superheater temperstures can form only
when the SOs concentration is many times that availsble in the bulk flue-gas
stream of a boiler furnace. Catalytic formstion of high concentrations of SO3
in localized areas around superheater tubes could explain this discrepancy, and
indeed this has been the explanation suggested by many researchers. What has
been lacking in that earlier work is quantitative data showing specifically what
the SO; concentrstion can be immediately next to a catalytically active surface.
The Battelle work on surface studies has now provided that information. This
section of the report describes further work on catalysis and the effect of SO,
produced catalytically on a surface in forming iren sulfates and alkali iron tri-
sulfates even when the SO, in the bulk gas stream is relatively low.

IPMENT HNIQUES

The_fuel-burning furnace used for the furnace studies has been describded
in detail.(6,7) 1n general, it consists of a stainless steel combustion chamber
with its walls at 500 F to prevent unwanted formation of SOy by catalysis, which
otherwise wotld occur on hotter walls. The specimens are closed-end 3/16-inch-
diameter mild steel tubes supported in a framework so that the combustion gases
pass over the specimens in a controlled manner. Temperature of the specimens is
determined by their location in the furnace. All tests reported here were made
when burning No. 2 fuel oil containing sufficient carbon disulfide to give a
5k percent sulfur content.

Figure 9 shows the catalyst arrangement constructed to increase the 30y
concentration of the combustion gas flowing over the test specimens from its nom-
inal value of 3( to 40 ppm to about 200 ppc. It comsists of a sctainless steel
holder vhich supports two rows of oxidized mild steel tubes, so arranged :hst ali
gas passing over the specimens must first pass over these tubes. Catalytic a-ti-
vity of the tubes is provided by oxidizing the tubes in flue gas at moderate tem-
peratures, so that the tubes are covered with Fey0;. A V304 coating could be
used, but oxidation produces s uniform surface well adapted to forming SOy bdy
catalysis.

One preblem causing continued concern involves *he positive identifica-
tion of salkali iron trisulfates on specimen surfaces. Observations such as wmelt-
ing point, evolution of SO, on heating, and the pH of an aqueous solution are not

ey
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completely reliable because other compounds interfere, such as ferric sulfate

and ferrous sulfate. Sophisticated detection techniques including X-ray diffrac-
tion are expensive for use on a daily basis, so that some comprcmige has to be
made. Also, X-ray. diffraction requires at lesst 5 percent trisulfate in the
sample to enable a positive ideatification.

Consideration was given to indirect qualicative schemes fcr detecting
the alkal{ iron trisulfates. Two schemes iuvestigated are pH "prints" and the
use of an electrocherical cell.

Using pH-indicating paper* to show the presenze cf extremely small spots
o7 iron sulfates or alkali ircon trisulfate is based on hydiolysis of eveun the most
minute particles of these sulfates to produce an acid reaction. To mske such s
test, a piece of dry pH paper of the range of 1.0 to 2.5 pH is wrapped firmly
around s specimen tube and held in position by masking tape at the ends. The
tube {s then placed in a high-hurnidity environment so that the pH paper barely
becomes damp. This provides enough mcisture that any iron sulfates or trisulfates
hydrolyze, and hence change the co.or of the paper locally. Too much water will
show a pH of 7 and will mask the effect of small amounts of sulfates: it will alsc
allow diffusion to occur so that the tiny spots of color representing the presence
of sulfates are lost by being spread out over too large an area.

Spots only a few thousandth of an inch in diameter spparentiy can be
made visible in this way, and since the paper is not completely w=t, df fusion
is not a problem and a fair'y sharp outline is obtained. Alithough as yet the pH
paper camnot distinguish between iron sulfates and alkali {.on trisulfates, {t
does an excellent job of showing radical differences in the surface layer on
specimen tubes after various test conditions. For example, ;4 values as low as
1.0 have been found in thif way in lorslized areas on ¢ number of specimen tubes.

Electrochemical Cell

As a method of detecting the presence of trisulfates while ~ test is in
progress, a device wvas conceived that acts as a battery to produce a low voitage
vhen &2 molten electrulyte is present between two electrodes. It consf_ls of a
simple electrochemical cell where two dissinilar metals sy separated by a slight
Zap, with the retals connected to a potentiometer by wires ot the sesme materials.
ihen & wolten clecirolyte bridges the gap, a voltage is psroduced showing that cor-
rosion is occurring. At temparatures in the range of 1C(GC F o 1200 F, the most
likely molten salt will be the alkalf iron trisulfate. Heonce the appearance of a
voltage indicating that a2 wolten salt {s bDridging the gap berveen ancde and cath-
ode alsc can be taken as a fair indication that the trisulfate nas been formed.

A first trial made in the laboratory with such a device used mild steel and

* pliydrion paper with ranges of 1.C to 2.5 and 3.0 to 5.5 from Kicro Essential
Laborsiory, Inc., Brockly, New York.
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stainless steel tubing surrounding a porcelain rod, with the gap between the two
metals sbout 1/32 inch. A better system would use an oxidized nickel tube and an
alloy similar to those in superheaters,

The first trial of this system was made by i{nserting the two metals in
a boat containing Nay;S0,, K3S0,, and FegO; in the stoichiometric proportions to
form the trisulfate. When the temperature of this system was raised gradually in
an atmosphere containing SO;, no voltage was produced until the temperature
reached 1020 F. Here there was an abrupt rise in voltage, almost axactly where a
liquid phase should have formed.

Another test was made in the fuel-burning furnace by placing the com-
bination of an oxidized nickel tube and a steel tube in one of the positions of
the regular specimen holder, again with the twc metallic elements separated
slightly and maintained in position by a porcelein rod. This '"cell" was coated
with the usual mixture of NazS0O,, K3SO,, and Fe;0;. The furnace was then heated
gradually, with the SO; concentration about 30 ppm in the bulk gas stream. Volt-
age output of the cell was essentially zero until the temperature reached about
1000 F, when the voltage rose abruptly to 0.5 volt, measured with a 20,000-ohm-
per volt meter. Vhen the spec..en was removed from the furnace, the coating was
found to have melted. A ch._ck with pH paper showed spots with a pH of 1.0.

Further work under better contolled conditions is warranted to evaluate
the electrochemical cell more exactly.

FORMATION OF TRISULFATES ON FURNACE SPECIMENS

Three paths were followed in seeking to form significant quantitie: of
alkali iron trisulfates under controlled conditions in the fuel-burning furnace.

Table 4 shows the results in tests G 08 through G 19 of initial attempts
to form trisulfates. In the first tests, G 08 to G 10, the tubular specimens were
coated with a mixture of sodium sulfate, potassium sulfate, and ferric oxide, and
exposed in the furnace for five hours at 1100 F. The furnace atmosphere contained
roughly 6C to 90 ppa SO3 in the bulk gas stream. At the temperature of these ex-
periments, about 70 F above the reported melting point for aikali iron trisv'fate
with a 1:1 mol ratio of sodium and potassium, there was some evidence of melting
on the surface of the specimens, but only in extremely small spots. A 1 percent
solution of the deposit in distilled water had a pH of 3.6 This pH value indi-
cates a more acidic deposit than any reported in the Seventh Summary Report.

A pH print of Specimen G 10 showed a pH of 1.0 to 1.5 in spots, con-
firming that either iron sulfate or alkali iron trisulfate had formed during the
test. It was likely, however, that less than 5 percent sulfate was present so
that it would not have been detected by X-ray diffraction.

Test Series G 15 through G 19 was run to determine the influence of
temperature on the formation of alkali iron sulfates. As before, a mixture of
Na2S0,, K3S04, and Fepy0, in the mol ratio of 1.5:1.5:1.0 was coated on clean un-
oxidized tubular metal specimens. The amount of mixture applied varied between

.-,,4__...._‘u - - . \ ————— - = gy — —_—
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0.05 and 0.13 gram per square inch, enough to provide a coherent layer over the
entire surface of the specimens. To increase the S0, level in the bulk gas
stream, two rows of catalytically sctive tubes were placed above these specimens
in the arrangement shown in Figure 9. With these tubes, the SO; level in the
bulk gas stream approaching the specimen tubes varies between 75 and 200 ppm,
rather than the 30 to 40 ppm normslly present in the gas from flame reactions.

Specimen temperatures in these tests were established between 1060 F
and 1200 F. In tests at 1060 F and 1075 F, the alkali sulfate-Fez0, mixture
melted in small areas to produce reddish nodules and partially fused surface
layers. There was no evidence of such melting in tests made at 1105 7, 1165 F,
and 1200 F, suggesting that the S0, concentration was not high enough to produce
the trisulfate at these temperatures. The bulk SO; level in the gas stream below
the catalyst tubes was 75 ppm for the test at 1060 F, 145 ppm at 1075 F, and
ranged between 175 and 200 ppm for the tests between 1105 F and 1200 F. * Such

variations are expected because of the influence of temperature on the catalytic
formation of S0O;.

Analysis by X~ray diffraction of a melted nodule from the lower temner-
ature test showed no positive indication of NazFe(SO.), or K;Fe(S04);. The anal-
ysis was not entirely satisfactory because relatively large amounts of a substance
were present that could not be identified positively. It is fairly certain, how-
ever, that if trisulfates were present, they must have been in concentrations of
less than 5 percent. Paper pH prints of specimens G 18 and G 19 showed a pH as

lJow as 1.0 in some spots, confirming that iron sulfate or the trisulfate had been
formed.

These tests confirmed earlier expectations that the trisulfates did not
form at moderate bulk SO; concentraticns when the temperature exceeded 1100 F.
They do not indicate how wuch SO; must be present under furnace conditions except
that it must be greater than 200 ppm at 1100 F to 1200 ¥. Because trisulfates are
known to form on superheaters when the bulk SO; concentration is as low as 35 ppm,
these data support the distinction between S0; levels in the bulk of the flue-gas

stream and those occurring on the surface of corroding metals covered with layers
of ash or slag.

In the second attempt to form trisulfate, Tests G32 through G 35, clean
steel specimen tubes vere coated with the usual mixture of NayS50,, K;S0,, and
Fe;0; in the mol ratio 1.5:1.5:1.0. A second layer consisting of kaolin or a mix-
ture of 95 percent kaolin and 5 percent NapS0, by weight was applied on top of
the first layer. Table 5 lists the details of the four tests made in this series.
In the first two tests, the coating mixtures were not 5all milled. In the last
two, both the FegO;-sulfate mixture and the kaolin-sodium sulfate mixture were
ball milled for 2 hours before the tests. Metal specimen tube temperatures
ranged between 1030 F and 1150 F. For Test G 35, two rows of Fez0.-covered cata-
lyst tubes were placed above the specimen tubes, increasing the S0, concentration
to 70 to 115 ppm in the flue gas approaching the specimens. For the other tests,
the 505 level was about 3Q to 4C ppm.

In none of these tests was there any visual evidence of melting of the
Feg0,-sulfate mixture. It was concluded that not enough alkali iron trisulfate
vas formed under these conditions to be identified positively. Nevertheless,




TABLE 5. TEST CONDITIONS FOR ATTEMPTS TO FORM
ALKALY IRON TRISULFATSS BENEATH EXTERIOR COATING

——— p— —

Coating - Uostream SO;
First . .. Seeond .. - Materials- . Temperature, Concéiitration,
Test Coating Coating Ball dilled F. ppm
¢32 Solfate el M C 11051150 37
idxture
G 33 " " " 1030 29
" - 95 Kaolin + -
G 34 5 NaySO, Yes 105G-1075 32
G 35 " " " 1045-1090 7¢-115

pH prints showed spots with a pH of 1.5 on each of these specimens. Providing a
surface coating of kaolin over the sulfate mixture, to simulate an ash covering
oa a supecheater element, apparently had no radical action here whether or not

the kaolin coating contained Na,S0, which might have migrated through the deposit.

Another attempt during this period to produce identifiable trisulfates
in the fuel-burning furnace was made with an open-top stainless steel box con-
structed with a porous stainless steel sheet one-half inch below the top edge of
the box. The gas-analysis probe and suction lines were coni ected to holes in the
bottom of the box so that combustion gas could be drawn through the porous plate.
This porous plate was covered first with a 3/16-inch layer of the Fey0;-sulfate
mixture, then a 1/16-inch-thick layer of Fey0;, and finally, a 1/4-inch-thick
layer of a 95 percent kaolin-5 percent Na;SO, mixture. A continuous stream of
combustion gas was drawn slowly through the three layers while they were main-
tained at about 1050 F in the furnace. Although no molten zcnes were found in
these layers at the end of the test, the FezO,-sulfate mixture was sintered
strongly enough to suggest that small quantities of a liquid phase might have
been present. This material had a pH of about 3.C when checked with damp pH paper.

CATALYTIC ACTIVITY OF FLY ASH

Questions have been raised with regard to earlier work in this study
which showed a typical fly ash to be relatively noncatalytic in oxidizing SO; to
S0;. llence several tests were conducted to investigace the catalytic ability of
fly ashes in more detail. Table 6 shows the source and the composition of the
three fly ashes tested., Ferric oxide varied from 16.0 to 30.4 percent. Table 7
summarizes these tests as well as others involving catalysis on surfaces.

Figure 10 shows the SO; concentration in the bulk gas measured down-
stream of specimen tubes coated with Fez0, and with each of these fly ashes.
None of the fly ashes i{s nearly as catalytic as Fez0, at the test temperature of
1200 F. 1Indeed, the Joppa fly ash with 3G.0 percent Fey0, had almost no effect
on SO; except for the usual brief dip when the specimens were first placed in the

i e e o e etieta Ot




|
|
|

-32-

TABLE 6. COMPOSITION OF FLY ASHES TESTED FO%
CATALYTIC ACTIVITY, WEIGHT PERCENT

Aitoria.rm} " Port Jefferson, l ﬂr;Joppa, ]
Consolidated Long Island Electric
Component Edison Lighting Energy, Inc.

$10; 47.7 48.6 33.0
A1303 2902 2808 17.“
Ca0 2.3 1.9 6.5
MgO 1.2 0.7 3.6
leo 00 7 0.4 006
Rao 2-0 205 108
S0, 0.1 0.1 1.6
P205 - - 0. 1
100.0 100.0 100.0

* Adjusted to 100.0 percent.

120 ; ,
R I R
I00 — . —
Y ki
N —_
a
Onrt Jefferson Fly Ash
/ Astoria Fly Ash ~—
\\*--_+_+_ —
Joppa Fly Ash
20 — -
B [ N O N N S T
-1 0 | 2 3 4 5 6 7
Time, hr

FIGURE 10. SO; CONCENTRATION DOWNSTREAM OF MILD STEEL SPECIMENS
AT 1200 F COATED WITH FLY ASH AND WITH Fez0,
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furnace, On the other hand, Port Jefferson fly ash with only 17.0 percent Fe;0,
increased the SO; level from 40 ppm with no specimens present, to 53 ppm after

5 hours expcsure, or about a8 third as nuch as Fep0; alone. Astoria fly ash was
less effective as a catalyst, increasing the S0, concentration by 7 ppm, or about
one-seventh as much as Fej0,. '

It is interesting to compare these results with data reported by Nelson
and Lisle.(C) In their tests, a measure of catalysis can be taken as the percen-
tage conversion of SO, to SO, under their specialized laboratory test conditionms.
Table 8 compares the Nelson and Lisle data with these recent results from Battelle.
On this basis, although the Battelle curves seem to indicate little catalytic ac-
tivity for fly ash, the increase in SO; level with some fly ashes is comparable
to or even greater than that reported by Nelson and Lisle. These data also show,
of course, the wide difference in behavior of fly ashes, a not unexpected
conc lusion.

TABLE 8. CATALYTIC ACTIVITY OF FLY ASH

Observed Peré:;tage Percentage of
Conversion of SO> Conversion
Nelson and Lisle(®): to S0;, 1100 F With Fe,0,
Fe,0,4 38.0 100
Fly Asa "B" 7.03 18
Kaolin 0 0
Increase in SO, Percentage of
Battelle: at 1200 F, ppm Level With Fez0,
Fea0, 45 100
Port Jefferson Fly Ash 13 29
Astoria Fly Ash 8 18
Joppa Fly Ash 2 4

Figure 11 shows the results of tests to compare the catalytic behavior
of mixtures of Fe;0, and kaolin in the Battelle fuel-burning furnace. The de-
crease in SO; with the mixtures after 3 to 4 hours exposure can be attributed
partially to an unexplained decrease in temperature of the test specimens. Within
the variations exnected for such tests, the two mixtures were equally as catalytic
as Fegz0, alone. Hence it appears that mixing Fep0; with the principal ash consti-
tuent, kaolin, does not decrease the effectiveness of Fe,0, as a catalyst in this
type of test.

It was concluded, therefore, that the catalytic nature of fly ash de-
pends on other factors than its Fez0, content, and that the presence of moderately
large amounts of Fep03, as shown by chemical aualysis, does not necessarily result
in high catalytic effectiveness. The way in which Fe»0, occurs in fly ash, as a
constituent of relted particles for example, must be more important. Surface
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FIGURE 11. SO; CONCENTRATION DOWNSTREAM OF MILD STEEL
SPECIMENS AT 1200 F COATED WITH Fep0, AND
WITH Fe30,-KAOLIN MIXTURES

conditions, particle size, and distribution of ash constituents in different
parts of the heterogeneous mixture called "fly ash' all must play a part in
affecting its catalytic ability.

To examine the effect of prolonged heating on the catalytic activity
of fly ash, two samples of (a) 1/3 Fey0; and 2/3 kaolin, and (b) 2/3 Fe,0, and
1/3 kaolin were ball milled and then heated for 16 hours at 2000 F. The resul-
tant product was ground and applied to clean specimen tubes., Tests of these
tubes showed essentially no catalytic activity compared with specimens coated
with unheated mixtures of the same materials.

Figure 12 shows the SO, concentration down stream of the tubes coated
both with the unheated and with the heated mixtures. The unheated coatings in-
creased the S0; level by 32 to 44 ppm; the heaied cuatings resulted in an SO,
increase of only 5 to 12 ppu. Apparently, Fe,0; can be readily complexed by
silicates to the point where it loses most of its catalytic properties. The re-
sults of these additional tests suggest that the drop in catalytic activity ob-
served in the final hours of the earlier tests could have been due partly to a
change in the nature of the coating when heated. Likely it is this action that
explains the variation in catalytic activity of fly ash, and that makes it im-
possible to correlate the chemical composition of fly ash with its observed
catalytic activity.
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FIGURE 12. S0, CONCENTRATION DOWNSTREAM OF MILD-STEEL SPECIMENS
AT 1200 F COATED WITH Fe30,~-KAOLIN MIXTURES

In other tests, three synthecic fly ashes with differing sodium contents
were mude by ball milling and then heating the mixtures shown in Table 9 at 2000 F
for 16 hours. The resultant synthetic fly ashes were ground and applied to clean
specimen tubes. Figure 13 shows the results of tests with these tubes in the
fuel-burning furnace. None of the three synthetic fly ashes were significantly
catalytic and no pattern of catalytic activity could be determined as a function
of the composition of the mixture, showing that the alkali level apparently does
not influence catalytic activity.

TABLE 9. COMPOSITIONS OF SYNTHETIC FLY ASHES WITH
VARYING SODIUM CONTENT, WEIGHT.PERCENT

S
Ash Composition Composition Composition
Component A B_ c
S10, 31.5 3C.5 28.4
Ca0 5.1 5.C 4.6
Naz0 0.0 3.0 10.G
100.0 100.0 100.C

B - - - - -
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FIGURE 13. SOy CONCENTRATION DOWNSTREAM OF MILD-STEEL SPECIMENS AT 1200 F
COATED WITH SYNTHETIC FLY ASH CONTAINING VARYING AMOUNYS OF SODIUM

FUTURE WORK

No further tests of specimens to measure catalytic activity are planned
at present. The test prograr has defined the conditions where catalysis occurs
well enough to guide later experiments where catalytically formed SOy on suriaces
can be expected to lead to the trisulfates.

Other factors related to the formation of alkali iron trisulfates under
furnace conditions will need to be investigated. Further development appears to
be worthwhile of the electrochemical cell technique of deteruining the presence
of trisulfates. The pH print method also is worth further study, even though at
present it cannot distinguish between iron sulfates and the trisulfates. If var-
ranted, a 100-hour test tiay have to be made on the basis that longer periods may
be needed to allow reactions to go more nearly to completion and for larger quan-
tities of trisulfates to form. Probably most important in the near future, in
addition to better pre: 'r. .. {n determining the presence of trisulfates during a
test and in the final products, is to learn exactly why corrosion is found only
in practice beneath ash deposits. This is thought at present to be dependent on
poor diffusion of flue gases into and away from the surface of a superheater ele-
ment with a moderately well attached layer of ash. Experiments to support this
hypothesis would seem to be justifiable.

i b




MECHANISM OF CORRCSION
by

P. D. Millex

T:E ELECTROCHEMISTRY OF HIGH-TEMPERATURE DEPOSITS

An interesting area, which has been explored to some excent by several

investigators during the past few years, is concerned with high-temperature elec-
trochemistry of deposits in boilers. The Subject is of particular importsnce to
power-station corrosion technology because all examples of severe high-temperature
corrosion, i.e., alkali trisulfates, pyrosulfates, and vanadiur sslts, are asso-
ciated with 3 moltan phase. Thus, any research which contributes to a better
understanding of reactions at Liigh temperature in molten salts is significant.
It is fairly well acceptod that electrochemical reactions cause corrosion in such
systems. Discr:te areis on the suriace are considered to act as ancdes and cath-
odes. Por example, ar tie anode, the metal (iron for example) {s oxidized, i.e.,
loses electrons by the reaction:

Fe - 3e ~ Fe'*" (1)

Several reactions are possible it the cathode as {llustratid by:
$0,” +8e~8S +40% , (2)
0, + Ge -~ 20" . (3)

A broad review of the subject was presanted by Reddy.(g) Several ~ecently re-
ported experimental studies relate to this subject.

Corrosion lechanis-.

Most of the systens of interest in ijuel-ash corrosion are composed of
mells which are highly ionized and have high electrical conductivity. Thus,
electrochesical reacticns ca:i occur freely. Reactions at boiler fube surfaces
are also quite rapid becsuse of the high temperacure. Furthermore, passive films
&re not as stable as in aqueous systens because of the good solven’ properties of
{used salts.

Real progress is being made in the field of rolten salt corrosion by
research such ss that recently reported by Burrows and Hii1s(10) slorg with
Inman snd Wrench(l1), They explain coirosion in mcolten sslt systems on the basis
of an oxidation-reduction equilibrium and of an acid-base equilibrium. The oxi-
dation-reduction potential can be exprecsed electrochemically as the pressure
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buildup of electrons sufficient to cause flcw from the metal (construction mate-
rial) to the molten salt system. This flow will continue until a common poten-
tial is reached. The metallic electrode potential for iron in sulfates can bde
expressed 1s:

= RT -
Epe = Epe * 35 10 ape’™* (4)

where
= measured potential

standavd state potential
= gas constant (1.987 cal/deg mol)
= apsolute temperature

= Faraday (23,0C0 cal/volt equivalents)

h'ﬂﬂ”ﬁéﬂ

= activity of the Fe'*t .

A latex section in this report summarizes such measurements in systems
rejated to those in boiler furnaces.

The acid-base equilibrium in a melt is expressed by the equilibrium:

base acid  Dbase
S0, = SC, + O . (5)

Concentratjio- of the SO, determines the acidity of the melt and the extent of the
corrosion of e metals in contact with the melt. Disassociation of the sulfate
ions as noted above will be determined by the value of the disassociation con-
stant, K, as in:

aso, *29"
e ®)

as0, "~

Values for this constant have not been established for the sulfate systems. Re-
search to determine them would be of value.

Oxygen ion activities in fused salts, such as sodium sulfata-carbonate
mixtures can be determined accurately by means of a platinum electrode in an at-
mosphere of oxygen and carbon dioxide, acconrding to Flood.(12,13)  1he method
needs to be carried over to the sulfate-iron systen,

Importance of the oxygen ion is further clarified by a consideration
of the redox potential of a melt containing oxide ions and oxygen gas as given as:

1
ap.. 73
Ep = Eo= + 35 10 4= (7)

It can be seen that the potential is a function of the ratio of the activities
of the gaseous oxygen to the oxide ions, A metal placed in the melt will resct
with the melt if the potential of the metal is less than the redox potential of
the melt. Jeactioa will continue until the two potentials reach the same value,
i.e., Epe = fg. '

g ey - i e r— - =
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Reaction (5) will tend to move to the right if SO, or 0" are removed.
It is suggested that SO; can be reduced at the cathode by reactions such as:

SO; + 2e = S04 (8)
or
SO; + 2e = SO + 0™ . (9

The oxide ion is correspondingly oxidized at the anode as shown by:
0% - 2e = %0, ., (10)

Oxide ions will not build up in the melt and Equation (5) will not
reach equilibrium if the oxide is precipitated according to equation:

++4

350, + 2Pe'** -~ Fey0,1 + 350, . (11)
It can be seen that sulfur trioxide and oxygen are important conscitu-

ents from the corrosion standpoint. Continuing research will be required to show
the quantitative effect of each in the corrosion reactions.

Standard E}ectrode Potentials'

As mentioned previously, the tendency of a metal to become oxidized
(give up electrc..s) and go into solution is indicated by measurement of its
potential with reference to some standard electrode. Unfortunately such measure-
ments have not yet been made in iron-trisulfate systems. Table 10 lists such
potentials for various metals in the molten Li,50,-K,S0, system at 1155 F as
given by Burrows and Hi11s(10),

TABLE 10. STANDARD POTENTIALS IN MOLTEN Lizsot-xaso.,
AT 1155 F WITH REFERENCE TO Ag-Ag’ (10)

Electrode Potential, volts
Au - Ay 4+0.837
Pd - pd** +0.541
cut - cg’* +0.051
- .000
25 - 2§+ '(O).ggz
Co - Cc** -C.630
Fe - Fe'’ -C.930 (unstable)

It will be noted that metals more negative than cobalt do not establish
stable reversible and reproducible potentials in the sulfate melt. Thus, it is
predicted that iron, nickel, and chromium would be readily oxidized by this melt
and would not be good construction materials.
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Actually, metals are found to be oxidized at potentials more positive
than those in Table 10, This fact is explained by the presence of SO; formed by
the reaction:

S0~ = S0, +0° . (5)
A curve is presented by Burrows which shows an increased current flow
when SO; in the form of sodium pyrosulfate is added. It is concluded that oxida-

tion of iron and steels will take place as long as traces of 50; are present.

Standard electrode potentials in molten Li;S04-Nay504-K,S04 with respect
to Ag-Ag’ were calculated by Johnson and Laitinen(143 as summarized in Table 1l.

Possible important reactions are:

S0," = S0, + 0~ , (5)
S0; + 6e - S + 30 , at cathode, (12)
0° - 2e - %0, , at anode. (13)

TABLE 11. STANDARD REDUCTION POTENTIALS ON THE Ag®/Ag
SCALE IN LipS04-Na»S0,-K550, MELTS(14

,rilectrode -?;hgeraturgL,F Potenti;T: volts
Pd - pd*t 1075 H0.441
Rh - RA**Y 1065 +0.267
Ag - Ag 1000-1075 ¢.000
cut - cu™? 1065 -0.C99
Cu - Cu' 1075 -0.22C
Co - Co'* 1020 -C.764

Liu(ls) has found that sulfate is oxidized at the anode in Li;$0,-K280,
melts at 115(C F according to the reaction:

S0,™ - 405 + SO; + 2e¢ . (14)

The cathodic processes are thought to be:
S0,” + 2e —~ S0~ + 0%, (15)
S0, + 6e ~ S + 40" ~(16)

S0, + 8e = §© + 40° . (17)




Potential Measurements

A significant experiment was described by Hart(16) in which potentials
at inert platinum electrodes in a molten mixture of sulfates at 1110 F were found
to be a function of the SO; present in equilibrium with SO; and Oy in the cover
gas. It was concluded that the S0; concentration on boiler tubes cnated with
sulfate deposits should be the equilibrium concentration rather than the nominal
values usually found in flue gas. Thus, it would appear that sufficient SO,
would be present to allow for alkali trisulfate formation. '

Electrochemical concepts have been put to a very practical use by
Littlewood(17) and others who have developed an oxygen meter based on potential
measurements. The instrument can be used for measuring the coxygen content of
ho: gases over an o>xtremely wide ragge, i.e., from 100 percent oxygen down to an
oxygen partial pressure of only 10™° atmosphere. The probe as illustrated in
Figure 14 consists simply of a closed end zirconia tube with platinum electrodes
inside and outside. The zirconia becomes conductive at about 900 F. The oxygen
partial pressure within the tube is held constant (Pconst) by maintaining a flow
of oxygen or air. The outside of the tube is placed in the furnace atmosphere.

The resulting cell potential
V“"m"” wires gives a direct measure of the partial
pressure of the oxygen in the flue gas

(P,) by the equation:

Zirconig tube E = 2. 303RT log o
(electrolyte) 4F Peonst

(18)

It has not been reported that

but it should prove to be of value if it
Gos(PmNO'Oz PfCSSUfG) can be shieliad from fly ash deposits.
Peonst ‘

A further development of con-
siderable practical value, which has
been used successfully in several oper-
ating power stations in Europe, is des-

:'g::';i:'::";o“ cribed by Pfeiffer(18,19), He has con-
structed a probe which indicates the
. corrosive tendency of flue gas at high
Outer electrode operating temperatures. Electrochemical
(Platinum) corrosion reactions are used to activate
the probe and furnish voltage readings
FICURE 14. LITTLEWooD'S(17) proBe por  Which can be interpreted for combustion
MEASURING PARTIAL PRESSURE control to minimize corrosion. More in-
OF OXYGEN volved than the eleetrochemical cell now

being tried by Battelle, Pfeiffer's probe

is intended to’ perform the same general
function. o

The metallic electrodes in his probe are 3 mm diameter and are con-
structed from the same material used for boiler tubes. The wires are encased in

the probe has been used in power stations,

vt 0 e ———— =
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a semisolid electrolyte retained in a smooth pyrometer tube 24 mm in diameter.
One wire is completely enclosed by the semisolid electrolyte, the other wire pro-
trudes from the end which is placed in contact with the flue gas. External ends
of the two wires are connected to leads going to a potentiometer.

Figure 15 shows the construction of this high-temperature corrosiocn
probe, The reactions which are believed to occur at the wire-ash layer, when
the probe is used under oxidizing conditions, are indicated. Those which occur
under reducing conditions are shown in Figure 16. It should be pointed out that
sulfide also can occur under reducing conditions.

(+)

(-)

3o 2- COZ
2F"°":,f:u 60_\‘—302 CO—CO%*%+3Fe 05" S0, 2Fes0s
Fey0q® Fe2t ~ 0:.‘-2 02 CO—~CO% Fey0,* co, 3Fe0
2Fe0s2Fe 207 <+—0; - C0—~C0%% Feo = f—rr—Fe

2C0—+2C0 +3Fe = FesC
Asin deposit Ash deposit
as electrolyte as electrolyte
Semi-solid S o
£ Semi-solid
electrolyte o electrolyte
Steel electrodes : :@ﬁ Steel electrodes
3 5B
Porcelain ] 2 Porcelain
33 k
4 b
e

(+) (=) (=) (+)

FIGURE 15. ACTION OF HIGH TEMPERATURE  FIGURE 16. ACTION OF HIGH TEMPERATURE
PROBE IN OXIDIZING FLUE PROBE IN REDUCING FLUE GAS
GAS ATMOSPHERES(18,19) ATMOSPHERES (18,19

Practically, it has been found that corrosion can be avoided if the
combustion controls are adjusted so that the probe readings are within the range
+50 mv at operating tempeir_tures. The probe gives fairly rapid response to
changes in combustion conditions so any departure from the low-potential range
indicates that dangerous conditions have been produced.

Successful operation of boilers for up to 16,000 hours by means of this
probe are reported. The probe can be used for coal as well as oil and is being
studied for application to gas turbines. Several detailed descriptions both for
oil and coal firing iliustrate the practical value of the probe to station oper-
ators since they could correct for conditions not apparent by any otter measur.ng
devices they were using.
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Conclusions

Recent research on the electrochemistry of fused salts has been of
value in two areas of interest in high-temperature power station corrosion.
First, useful nrobes have been developed which indicate those conditions of coi-
bustion furnace operation which prevent corrosion and deposits. Second, a better
understanding is being obtained of the reactions which take place while molten
salts are corroding metel surfaces. Electrochemical measurements offer a new
approach as a control system for observing corrosion while it is occurring in
boiler furnaces.
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